Adherent-invasive Escherichia coli (AIEC) pathovar strains, which are associated with Crohn's disease, share many genetic and phenotypic features with extraintestinal pathogenic E. coli (ExPEC) strains, but little is known about the level of genetic similarity between the two pathovars. We aimed to determine the frequency of strains with the "AIEC phenotype" among a collection of ExPEC strains and to further search for a common phylogenetic origin for the intestinal and extraintestinal AIEC strains. The adhesion, invasion, and intramacrophage replication capabilities (AIEC phenotype) of 63 ExPEC strains were determined. Correlations between virulence genotype and AIEC phenotype and between intestinal/extraintestinal origin, serotype, and phylogroup were evaluated for the 63 ExPEC and 23 intestinal AIEC strains. Phylogenetic relationships between extraintestinal and intestinal AIEC strains were determined using multilocus sequence typing (MLST) and pulsed-field gel electrophoresis. Only four (6.35%) ExPEC strains, belonging to the O6:H1, O83:H1, and O25:H4 serotypes, were classified as having an AIEC phenotype. These strains were found to be genetically related to some intestinal AIEC strains of the same serotypes as revealed by MLST. No particular virulence gene sets correlated with the intestinal/extraintestinal origin of the strains or with the AIEC phenotype, whereas the gene sets did correlate with the serogroup. We identified two intestinal AIEC strains and one extraintestinal AIEC strain belonging to the O25:H4 serotype that also belonged to the emerging and virulent clonal group ST131. In conclusion, the ExPEC and AIEC pathovars share similar virulence gene sets, and certain strains are phylogenetically related. However, the majority of ExPEC strains did not behave like AIEC strains, thus confirming that the AIEC pathovar possesses virulence-specific features that, to date, are detectable only phenotypically.
Members of the Enterobacteriaceae family, especially Escherichia coli, have been repeatedly suggested to play a role in the origin and/or perpetuation of Crohn's disease (CD). In part, this suggestion was based on the higher abundance of this bacterium in CD patients than in control subjects (4, 10, 20, 23, 28, 29, 32, 41, 48, 51) . Although considerable effort has been devoted to the search for intestinal pathogenic E. coli strains associated with CD, to date none of the six previously described pathovars (27) has been implicated in this condition. Darfeuille-Michaud et al. (18) observed that E. coli strains with adhesion and invasion properties colonized the ileal mucosae of CD patients more frequently than those of control subjects. Darfeuille-Michaud et al. further characterized these strains and proposed a new potential E. coli pathovar associated with CD, which was designated adherent-invasive E. coli (AIEC) (10) . The implication of AIEC in CD is becoming increasingly relevant because several independent studies from different countries have reported a higher prevalence of invasive E. coli in CD patients (4, 17, 33, 34, 47) .
The main characteristics of AIEC are (i) the ability to adhere to and invade intestinal epithelial cells, (ii) the ability to survive and replicate expansively within macrophages without triggering host cell death and inducing the release of tumor necrosis factor alpha (21) , and (iii) the lack of known invasive determinants (17) . Recently, Glasser and Darfeuille-Michaud (22) proposed a model explaining the mechanism of pathogenesis for AIEC strains. The AIEC strains isolated to date are clonally diverse and belong to distinct serotypes. Moreover, despite the fact that they fall primarily into the B2 phylogroup, AIEC strains belonging to the A, B1, and D phylogroups have also been isolated (4, (33) (34) (35) 47) . Although no specific virulence factors have been described for this pathovar, AIEC strains carry many virulence-associated genes characteristic of extraintestinal pathogenic E. coli (ExPEC) strains, which suggests that the AIEC pathovar could be closely related to the ExPEC pathovar (4, 17, 34) .
The aim of this work was to determine the frequency of strains with the "AIEC phenotype" among E. coli strains that cause extraintestinal infections, including uropathogenic E. coli (UPEC), septicemic E. coli, and neonatal meningitis E. coli strains. To achieve this objective, we determined the ability of a collection of ExPEC strains to adhere to and invade intestinal epithelial cells, as well as their capacity to survive and replicate within macrophages. In parallel, we compared the distributions of virulence-associated genes among ExPEC and AIEC strains. Furthermore, we searched for a common phylogenetic origin of the ExPEC strains that had an AIEC phenotype (referred to in this study as extraintestinal AIEC) and a collection of AIEC strains isolated mainly from the intestinal mucosae of CD patients (intestinal AIEC).
MATERIALS AND METHODS
Bacterial strains. The present study involved a collection of 86 E. coli strains, some of which were the same as those reported in previously published studies (5, 7, 8, 17, 34, 39, 40, 42) (Table 1) . Sixty-three (73.3%) were obtained from human extraintestinal infections (28 from urinary tract infections [UTIs], 21 from sepsis, 12 from meningitis, 1 from intra-abdominal pus, and 1 from a wound infection), and 23 were obtained from the intestinal mucosae of patients with CD (16 strains) or ulcerative colitis (1 strain) and the intestinal mucosae of control subjects (without inflammatory bowel disease [non-IBD]) (6 strains). Control subjects were asymptomatic and did not present inflammation and/or evidence of polyps during colonoscopy. Among CD patients, 39% had Crohn's colitis, 35% had Crohn's ileitis, and 26% had ileal/colonic disease. Further information about the sources of intestinal AIEC strains can be obtained from reference 34). The prototype AIEC strain LF82 was included in this group of 23 intestinal AIEC strains.
Adhesion and invasion assays with Intestine-407 epithelial cells. The Intestine-407 epithelial cell line was used for the adhesion and invasion assays (ATCC CCL-6). Cell culture, adhesion, and invasion assays were performed as described previously (10) . Briefly, 24-well plates containing 4 ϫ 10 5 cells/well that had been incubated for 20 h were infected at a multiplicity of infection of 10. Duplicate plates, one for the adhesion assay and one for the invasion assay, were incubated for 3 h at 37°C with 5% CO 2 . For the bacterial adhesion assays, the cell monolayers were washed five times with phosphate-buffered saline and then lysed with 1% Triton X-100. Adherent bacteria were quantified by plating them on nutrient agar. Plating was performed over a maximum period of 30 min in order to avoid bacterial lysis by Triton X-100. Adherence ability (I_ADH) was determined by calculating the mean number of bacteria per cell. For the bacterial invasion assays, the monolayers were washed twice with phosphate-buffered saline after 3 h of infection, and fresh cell culture medium containing 100 g ml Ϫ1 of gentamicin was added and left for 1 h to kill extracellular bacteria. After cell lysis with 1% Triton X-100, the number of intracellular bacteria was determined by plating. Invasive ability was expressed as the percentage of the initial inoculum that became intracellular: I_INV (%) ϭ (intracellular bacteria/4 ϫ 10 6 bacteria inoculated) ϫ 100.
Survival and replication in J774 macrophages. The macrophage-like J774A.1 cell line (ATCC TIB-67) was used as a model in E. coli survival and replication assays. Cell culture was performed as described previously (21) . E. coli isolates with known adherence and invasion properties were checked for their ability to survive and replicate inside macrophages as previously described (17) . Macrophages were seeded at 2 ϫ 10 5 cells per well in two 24-well plates and incubated for 20 h. After incubation, the medium was replaced with fresh medium and bacteria were seeded at a multiplicity of infection of 10. To promote internalization of bacteria by the macrophages, the samples were centrifuged at 900 rpm for 10 min and incubated for an additional 10 min at 37°C with 5% CO 2 . Nonphagocytosed bacteria were killed with gentamicin (20 g ml Ϫ1 ). Intracellular bacteria were quantified in the same manner as described for the invasion assays after 1 and 24 h of infection. The results are expressed as the mean percentages of bacteria recovered at 1 and 24 h postinfection: I_REPL (%) ϭ (CFU ml Ϫ1 at 24 h/CFU ml Ϫ1 at 1 h) ϫ 100. Those strains with an I_INV of Ͼ0.1
and an I_REPL of Ͼ100% were classified as AIEC strains in the present study.
Phylotyping and virulence genotyping by PCR. Determination of the major E. coli phylogenetic group (A, B1, B2, or D) was performed as described by Clermont et al. (16) .
The presence of virulence genes was analyzed as described elsewhere (34 MT78 , the strain MT78 avian pathogenic variant of fimA]), two toxins (hlyA and cnf1), and one aerobactin (iucD). The analyzed genes also included two protectin/invasionencoding genes corresponding to the K1 kps variant (neuC) and the invasion of brain endothelium gene (ibeA). The papC-positive strains were tested for the papGI, papGII, and papGIII alleles. The E. coli strains were also screened for specific genes found in diarrheagenic E. coli pathovars (stx 1 , stx 2 , eae, bfpA, ipaH, pCDV432, eltA, and est).
Additional virulence genes (cdtB, cytolethal distending toxin; bmaE, M fimbriae; gafD, G fimbriae; sat, secreted autotransporter toxin; cvaC, microcin [colicin] V; traT, serum resistance associated; malX, pathogenicity island marker; usp, uropathogenic-specific protein; focG, F1C fimbriae; sfaS, S fimbriae; iroN, salmochelin receptor; kpsMII, group 2 capsule; and kpsMIII, group 3 capsule) were investigated for those strains included in Fig. 2 and 3 . The amplification procedures have been documented elsewhere (see reference 37 and references therein).
Serotyping. Determination of O and H antigens was carried out using the method previously described by Guinée et al. (24) .
PFGE. Pulsed-field gel electrophoresis (PFGE) was performed as described elsewhere (15) . Agarose-embedded DNA was digested with 0.2 U/l XbaI (Roche) according to the manufacturer's instructions. The XbaI-digested genomic DNA was analyzed on a 1% agarose gel in 0.5ϫ Tris-boric acid-EDTA buffer at 14°C using CHEF MAPPER (Bio-Rad). The gel was run for 21.30 h at 6 V/cm, with initial and final switch times of 2.16 s and 54.17 s, respectively. The gel was stained with ethidium bromide (1 g/ml), observed using a Gel Doc 2000 system (Bio-Rad), and analyzed with the BioNumerics fingerprinting software (Applied Maths, St-Martens-Latem, Belgium). Cluster analysis of the Dice similarity indices based on the unweighted pair group method using arithmetic averages (UPGMA) was performed to generate a dendrogram describing the relationships among the PFGE profiles.
MLST. Multilocus sequence typing (MLST) was carried out as previously described (53) . Gene amplification and sequencing of the seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, and recA) were performed using the primers and protocol specified at the E. coli MLST website (http://mlst.ucc.ie /mlst/dbs/Ecoli). The sequences were reviewed by visual inspection with the BioEdit sequence alignment editor (version 7.0.9; Ibis Biosciences). The ClustalW2 program was used to align the sequences. The allelic profiles of the seven gene sequences, the sequence types (STs), and the sequence complexes (Clpx) (defined as STs that are linked by distances of one or two allelic differences) were obtained via the electronic database at the E. coli MLST website.
Statistical analyses. Fisher's exact test (for small contingency tables) or Pearson's 2 test (for frequencies of higher than five within cells) was used to measure the significance of frequency values using SPSS 15.0 software.
Correspondence analysis was used to determine if a particular distribution of virulence-associated genes correlated with the serogroup, phylogroup, AIEC phenotype, ExPEC-like genotype (more than two virulence genes in addition to fimH), origin of the strains (extraintestinal/intestinal), and/or disease caused (intra-abdominal pus, wound infection, sepsis, meningitis, UTI, and IBD). The input variables were the presence/absence of virulence genes (papC, sfa-focDE, afa-draBC, hlyA, cnf1, iucD, neuC, ibeA, fimH, and fimAv MT78 ), and all 86 E. coli strains were included in the analysis. Correspondence analysis was performed with the CANOCO program (version 4.5 for Windows) using biplot scaling (52) . To corroborate the significance of the dispersion of the samples in the plot according to the serogroup, phylogroup, AIEC phenotype, ExPEC-like genotype, and origin of the strains, an analysis-of-variance test was applied using Tukey's post hoc test for multiple comparisons of those variables comprising more than two subgroups of samples. For quantitative variables, such as adhesion (I_ADH), invasion (I_INV), and intramacrophage replication (I_REPL) indices, the Pearson correlation coefficient was used. Table 1 . Strains belonging to serogroups O1 (n ϭ 3), O2 (n ϭ 2), O6 (n ϭ 21), O7 (n ϭ 1), O16 (n ϭ 1), O18 (n ϭ 5), O25 (n ϭ 16), O45 (n ϭ 3), O51 (n ϭ 1), O75 (n ϭ 2), O83 (n ϭ 6), O101 (n ϭ 1), and ONT (n ϭ 1), which were obtained from extraintestinal infections, were selected to be compared with a collection of intestinal AIEC strains belonging to serogroups O1 (n ϭ 1), O5 (n ϭ 1), O6 (n ϭ 5), O8 (n ϭ 1), O11 (n ϭ 1), O22 (n ϭ 5), O25 (n ϭ 2), O26 (n ϭ 1), O83 (n ϭ 1), O159 (n ϭ 1), and ONT (n ϭ 4). After determining the capacity of ExPEC strains to adhere to and invade intestinal epithelial cells and their ability to survive and replicate within macrophages, we classified four strains (6.35%) as AIEC strains (Table 2 ). These strains are referred to as "extraintestinal AIEC" in this study. Two of these strains were isolated from patients suffering from sepsis, and the other two stains were isolated from UTIs. The extraintestinal AIEC strains belonged to the O6:H1 (two strains), O25:H4, and O83:H1 serotypes. These serotypes comprised 21.7%, 8.7%, and 4.3% of intestinal AIEC strains, respectively. Thus, the majority of the ExPEC strains that were tested did not exhibit the phenotypic features that characterize the AIEC pathovar.
RESULTS

Presence
Distribution of virulence genes in AIEC and ExPEC strains. The distribution of virulence-associated genes in ExPEC strains was similar to that obtained for AIEC strains isolated from the human intestinal mucosae, with the exception of the sfa-focDE operons, which were more prevalent among ExPEC strains (P ϭ 0.013) ( Table 3 ). The distribution of phylogroups was also similar, with B2 being the most abundant phylogroup (85.7% and 69.6% of ExPEC and AIEC strains, respectively). Regarding the AIEC strains, all of the strains studied in the present work harbored the fimH gene. The papC and iucD genes were also prevalent, being present in more than 50% of the AIEC strains. The papGII and papGIII alleles were the most frequent alleles found among ExPEC and AIEC strains.
Correspondence analysis for the presence of virulence genes in the strains corroborated these observations (Fig. 1) . Neither the intestinal/extraintestinal origin nor the AIEC phenotype was able to explain the segregation of the strains, thus indicating that AIEC and ExPEC pathovars had similar genotypes (Fig. 1A) . Moreover, no correlation with adhesion, invasion, or intramacrophage replication indices was detected. Similarly, no segregation was observed between strains that caused different diseases or between strains with distinct phylogenetic origins. A more representative collection of strains from all phylogroups and from all types of extraintestinal infections would be necessary to corroborate this observation. The viru- lence gene profiles of the strains were associated primarily with the serogroup, as shown in Fig. 1B . The majority of O6 strains appeared to be segregated from the O83 and O25 serogroups by axis 1 (P Ͻ 0.001), whereas axis 2 separated the O83 strains from the majority of O6 and O25 strains (P Ͻ 0.001). These results indicate that O6 and O83 strains clearly clustered separately in the correspondence analysis by their virulence gene profile, whereas O25 strains showed a higher variability of virulence gene sets. Two main clusters of O25 strains appeared in the correspondence analysis plot. The one situated in the upper right side of the plot grouped afa-draBC-positive O25 strains, whereas the O25 strains clustering closer to O6 and O83 strains were afa-draBC negative. In particular, those virulence genes that had a better correlation with the O6 serogroup were hlyA, with a prevalence of 80.8% within the serogroup; cnf1 and sfa-focDE, each with a prevalence of 76.9%; and papC, with a prevalence of 65.4%. Among the O83 strains, 100% were positive for ibeA and 71.4% were positive for fimAv MT78 . Finally, iucD and ibeA were present in 83.3% and 50% of the O25 strains, respectively. Moreover, six out of the nine (66.7%) strains that were positive for afa-draBC belonged to the O25 serogroup (P ϭ 0.003). Although they showed distinct phenotypes (in terms of adhesion, invasion, and intracellular replication abilities), the AIEC and ExPEC strains shared similar serotypes, phylogenetic origins, and virulence-associated gene distributions.
Clonality and phylogenetic relationships among O6:H1, O25:H4, and O83:H1 extraintestinal and intestinal AIEC strains. MLST is a DNA sequencing-based method that has become a popular tool for characterizing pathogenic microorganisms, including E. coli (53) . Using MLST, the genetic relatedness of isolates can be compared, and closely related organisms can be grouped together in clonal complexes. We compared the four extraintestinal AIEC strains with five intestinal AIEC strains of identical serotypes using MLST in order to check for a possible phylogenetic relationship among them. Interestingly, the strains segregated into three distinct STs according to their serotype, irrespective of their intestinal/ extraintestinal origin. In particular, the CD-associated strains AIEC01 and AIEC21, the UPEC strain OL96a, and the sepsisassociated strain PP215 all belonged to the O6:H1 serotype and the B2 phylogroup, and they carried the same combination of alleles across the seven sequenced loci corresponding to ST73 of the ST73 Clpx. Additionally, AIEC strain LF82, isolated from a CD patient, and the septicemic strain PP16 belonged to phylogroup B2, ST135 (no Clpx association). Finally, two intestinal O25:H4 AIEC strains isolated from a patient with ulcerative colitis (AIEC13) and a non-IBD control (AIEC08) and the UPEC FV7563 strain (O25:H4 CTX-M-15 positive) all belonged to phylogroup B2 and displayed ST131 (no Clpx association).
As shown in Fig. 2 , all of the intestinal and extraintestinal AIEC strains belonging to the O6:H1 (ST73), O83:H1 (ST135), and O25:H4 (ST131) serotypes (and ST types) harbored the pathogenicity-associated island marker malX and the uropathogenic-specific protein gene usp, and they all possessed a group II polysaccharide capsule gene (kpsMII). In contrast, the secreted autotransporter toxin (sat) gene was detected in the four AIEC strains with the O6:H1 serotype (ST73) and also in one O25:H4 (ST131) extraintestinal AIEC strain. The serum resistance-associated gene (traT) was identified in three AIEC strains belonging to the O6:H1 serotype (ST73) and in two intestinal AIEC strains with the O25:H4 serotype (ST131).
We compared the XbaI PFGE macrorestriction profiles of the intestinal and extraintestinal AIEC strains sharing the same ST and phylogroup. PFGE is a highly discriminatory method and is useful for detecting small DNA differences that rapidly accumulate in the bacterial genome. We used this tool to better differentiate the compared strains by identifying clusters with different similarity values. As expected, most strains of the same serotype, phylogenetic group, and ST grouped together in the dendrogram (Fig. 2) . Thus, the macrorestriction analysis demonstrated that the four strains of serotype O6:H1 B2 ST73 clustered together with 69.8% similarity. In particular, OL96a, AIEC21, and AIEC01 grouped with 74.6% similarity. The two O83:H1 B2 ST135 strains (intestinal LF82 and ExPEC PP16) exhibited a similarity value of 77.8%. Finally, the two intestinal O25:H4 B2 ST131 strains (AIEC08 and AIEC13) grouped together in the dendrogram (75% similarity), while the UPEC FV7563 isolate (CT-X-M15 afadraBC) appeared to be very different, exhibiting only 48.1% similarity.
Further PFGE analysis introducing additional intestinal and extraintestinal O83 strains demonstrated that a diversity of pulsotypes existed among this serogroup, which segregated according to their flagellar H type and virulence genotype. Thus, the six strains of serotype O83:H1 (including intestinal and extraintestinal AIEC strains and intestinal and extraintestinal non-AIEC strains) grouped together with 75.2% similarity (Fig. 3) . Two clusters with similarities of Ͼ85% displayed a close genetic relationship; in particular, the AIEC strain LF82 clustered together with the sepsis-associated strain H102A with 86.5% similarity, and the ECG043 intestinal strain clustered with the UTI strain OB79A (88.2% similarity).
Therefore, although the majority of ExPEC strains did not exhibit an AIEC phenotype, a minority of strains that did have this phenotype were genetically related to some intestinal AIEC strains, as revealed by MLST and, for certain strains, by PFGE.
DISCUSSION
Despite the fact that the AIEC pathovar has been repeatedly associated with CD (4, 17, 33, 34, 47) , some uncertainty exists regarding (i) the genetic relationship between AIEC strains and other pathogenic and nonpathogenic E. coli strains, (ii) its particular identity as pathovar, and (iii) the putative involve- The serogroup was the sole factor that explained the segregation of the strains (only the most frequent serogroups in our collection [O6, O25, and O83] are specified). Axis 1 explains the segregation of O6 strains from the strains belonging to the O83 and O25 serogroups (P Ͻ 0.001), whereas axis 2 segregated O83 strains from the O6 and O25 serogroups (P Ͻ 0.001).
VOL. 47, 2009 COMPARING ADHERENT-INVASIVE E. COLI AND ExPEC STRAINS 3975 ment of AIEC strains in extraintestinal diseases in addition to their suspected role in IBD. For that reason, the aim of this work was to determine the AIEC phenotypes of a collection of ExPEC strains and further search for a common phylogenetic origin for the intestinal and extraintestinal AIEC strains. Given the genetic similarity between the AIEC and ExPEC strains with regard to their virulence gene profiles and phylogenetic origins (mainly B2 and D phylogroups [30, 45] ), we suspected that a high proportion of ExPEC strains could also be classified as AIEC strains, but only 4 out of 63 (6.35%) ExPEC strains from our collection were found to share the phenotypic characteristics that describe the AIEC pathovar. These results suggest that the AIEC pathovar comprise a particular group of E. coli strains that are closely related to the ExPEC pathovar but are distinguishable by phenotypic traits (4), which give to the pathovar a particular identity. Unfortunately, no specific genes involved in the adhesion, invasion, or intramacrophage replication abilities of AIEC strains have been discovered to date. Although some genes and regulatory processes have been implicated in the pathogenesis of the prototypic AIEC strain LF82 (2, 3, 9-12, 43, 44) , most of these genes are present in the nonpathogenic E. coli strain K-12, thus indicating that differences in gene expression or small sequence variations of these genes might contribute to the AIEC phenotype.
A high diversity of serotypes and virulence gene profiles exists among ExPEC strains, which complicates their classification into pathotypes. Although correspondence analysis segregated the strains by their serogroup, AIEC and non-AIEC strains of intestinal and extraintestinal origins were present in all clusters, thus indicating that a variety of seropathotypes can also be found among AIEC strains. In particular, those virulence genes that best correlated with O6 strains were papC, sfa-focDE, cnf1, and hlyA, whereas fimAv MT78 and ibeA correlated with O83 strains and afa-draBC, iucD, and ibeA correlated with O25 strains. Nevertheless, some genes (malX, usp, and kpsMII) were constantly found in all O6, O25, and O83 AIEC strains, of both intestinal and extraintestinal origins. These genes have been already described for AIEC strain LF82 (50) .
Several studies providing a complete description of the virulence-associated genes of a variety of AIEC strains have been published to date, and all coincide in showing that the AIEC pathovar shows homology to human ExPEC strains (4, 9, 13, 17, 33, 34, 50) . The virulence genes fimH, fimAv MT78 , lpfA, papC, papGII, afa-draBC, sfa-focDE, ColV plasmid, iucD, iss, kpsMII, neuC, ibeA, malX, usp, chuA, hlyA, and cnf1 and UPEC pathogenicity islands IV 536, VI 536 , I CFT073 , and II CFT073 , characteristic of ExPEC strains, have been detected at distinct frequencies in AIEC strains. In addition, virulence genes of other pathogenic Enterobacteriaceae, such as Salmonella (ratA), Yersinia (pMT1, fyuA, and irp1 and -2), and Vibrio (hcp), have been detected in LF82 and other AIEC strains (4) . The presence and prevalence of papC, afa-draBC, and fimH within the AIEC collection used in this study agree with previous descriptions of AIEC or intramucosal E. coli strains   FIG. 2 . Consensus UPGMA dendrogram generated from the Dice coefficients of XbaI PFGE profiles of the four extraintestinal AIEC strains detected in this study (OL96a, PP215, PP16, and FV7563) and of the five intestinal AIEC strains with similar serotypes. Serotype, phylogroup, ST, and virulence-associated genes are specified. UC, ulcerative colitis; non-IBD, controls without IBD.
FIG. 3. Consensus UPGMA dendrogram generated from the Dice coefficients of XbaI PFGE profiles of six O83 ExPEC strains and three O83 intestinal E. coli strains. AIEC phenotype, serotype, phylogroup, and virulence-associated genes are specified. Non-IBD: controls without IBD. The ECG-043 and ECG-009 strains were used only in this section; their characteristics are described elsewhere (34 (4, 17, 33) . In contrast, whereas some AIEC strains in this study carried sfa-focDE, cnf1, and hlyA, these virulence genes have not been detected in other collections of invasive E. coli strains (33) . In particular, the virulence factors hlyD/cnf1 (pathogenicity island II J96 ) have been reported to be present in the genomes of 40% of E. coli strains isolated from colorectal cancer, whereas they were absent in eight strains isolated from CD patients (13) . In contrast, we detected six cnf1-and hlyA-positive AIEC strains, five of which were isolated from colon specimens and one from the ileum of a healthy individual. The heterogeneity of gene profiles found in different studies can be explained by the great genetic diversity among AIEC strains, by the fact that patients came from different geographical regions, or because the E. coli collections used are not representative enough of the real E. coli diversity present in CD patients. Nevertheless, such genes have been also detected in nonpathogenic E. coli strains and are thought to actually be contributing to fitness or colonization (25) . A portion of AIEC strains, including the prototype AIEC LF82, showed virulence genes (fimAv MT78 , neuC, ibeA, or cdt) that are frequent among avian pathogenic E. coli (APEC) strains belonging to the subcluster B2-1 defined by MoulinSchouleur et al. (38) . Interestingly, these B2-1 APEC strains were reported to be genetically and phenotypically close to certain human ExPEC strains as revealed by MLST, serotyping, and genotyping. The authors suggested that little or no host specificity exists among these groups of human and avian E. coli strains, and thus APEC might constitute a zoonotic risk. Because previous reports have already addressed the similarity between the two pathovars (4, 9, 13), in conjunction with the fact that AIEC-like strains have been detected in granulomatous Boxer dogs and cow mastitis, determining the distribution of AIEC strains in different healthy and diseased animals is a research area that could contribute to the understanding of AIEC epidemiology, host specificity, and possible routes of transmission.
Noticeably, some strains belonging to the same phylogenetic group, having identical serotypes and virulence gene profiles (for example, the five O83:H1 B2 ST135 strains harboring the fimH, fimAv MT78 , ibeA, malX, usp, and kpsMII genes), and having a close genetic relationship as determined by PFGE (Fig. 3 ) displayed different adhesion, invasion, and intramacrophage replication abilities and thus different AIEC phenotypes. Similarly, in a previous study we observed that isolates from a given subject had identical PFGE profiles but differed from their AIEC phenotype (34) . This observation led us to postulate that the AIEC phenotype is achieved by differences in gene expression, the existence of single-nucleotide polymorphisms, or the loss or gain of DNA by horizontal gene transfer. We agree with the hypothesis that AIEC strains are members of the ExPEC pathovar, which usually reside the intestine (46) but have evolved taken advantage of the particular "IBD microenvironment" (49) . However, we would remark that the genetic determinants implicated in the AIEC phenotype are at least not detectable by PFGE, MLST, or virulence genotyping of known virulence factors. Baumgart et al. (4) and Bronowski et al. (13) have performed genome subtraction in order to search for unknown AIEC-specific genes. However, these studies were designed to compare strains that are in fact very different from each other (they used as "drivers" nonpathogenic E. coli and UPEC strains), thus obtaining a large number of subtracted genes in addition to those related to the AIEC phenotype. Given the high genetic variability among E. coli strains, a more targeted discrimination, searching for differences between genetically close strains that differ only in their AIEC phenotype, would probably reduce the number of differences, and only those genes most involved in producing the AIEC phenotype would appear in the subtraction library.
It should be emphasized that the four extraintestinal AIEC strains detected in our collection, which belonged to the O6: H1, O25:H4, and O83:H1 serotypes, were found to belong to the same clonal groups as some intestinal AIEC strains with the same serotypes, as revealed by MLST. These results suggest that some intestinal AIEC could cause extraintestinal infections or vice versa. Interestingly, one of the most representative clones from our AIEC collection, O6:H1-ST73, is a frequent cause of UTIs and septicemia. The possible implication of intestinal pathogenic E. coli in extraintestinal infections has been suggested (31) . A recent study reports that 6.9% of the strains from a collection of 225 ExPEC strains exhibited a diffuse-adhering phenotype, which is characteristic of the intestinal pathogenic pathovar diffuse-adhering E. coli (1) . Moreover, the authors also detected several virulence genes, principally from enteroaggregative E. coli, in some ExPEC strains, thus indicating that certain ExPEC strains may carry virulence properties of diarrheagenic E. coli. All of these observations suggest that certain AIEC strains might be involved in extraintestinal infections.
ExPEC strains may cause a wide range of extraintestinal infections, especially in immunocompromised patients and in persons exposed to high infective doses or persons who have coinfections (45) . Whether ExPEC strains should be considered true pathogens or merely opportunistic commensal bacteria remains controversial (19, 36, 45) . The same question is also posed for AIEC strains. The presence of AIEC strains in control subjects suggests that additional host and/or environmental factors are needed for these bacteria to cause an infection even though these strains should have the virulence features needed to cause disease. Among the host factors, CD-specific genetic susceptibility loci, such as NOD2/CARD15 (implicated in peptidoglycan recognition, tolerance to bacteria, and bacterial clearance) and the autophagy-related genes ATG16L1 and IRGM, could be involved in the management of AIEC infections (22) .
We identified two intestinal AIEC strains and one extraintestinal AIEC strain, all of which were of the O25:H4 serotype, that belonged to the emerging and virulent clonal group ST131 (6, 14, 26, 31, 42) . Currently, this clonal pathotype is the most prevalent among human ExPEC strains. Nicolas-Chanoine et al. (42) recently reported the intercontinental emergence of an ExPEC O25:H4-ST131 clone that produces the extended-spectrum ␤-lactamase CTX-M-15. In the present study, we found that only one (FV7563) of the seven assayed ExPEC O25:H4-ST131 strains producing CTX-M-15 had an AIEC phenotype. This extraintestinal AIEC strain showed a different virulence profile and a very different macrorestriction profile compared to the two intestinal AIEC strains (AIEC08 and AIEC13) of the same clonal group. This is the first time that strains be-VOL. 47, 2009 COMPARING ADHERENT-INVASIVE E. COLI AND ExPEC STRAINS 3977 longing to clone ST131 have been shown to harbor the papC, papGIII, ibeA, cnf1, and hlyA genes (6, 26, 42) . To conclude, the present study demonstrated that the ExPEC and AIEC pathovars share similar virulence gene sets and that certain strains are phylogenetically related. However, the majority of ExPEC strains did not behave like AIEC strains, thus confirming that the AIEC pathovar is related to the ExPEC pathovar but possesses virulence-specific features. These observations suggest that the AIEC phenotype might be encoded by unknown virulence factors or might be the result of differential expression of key genes. Further investigation of the genes implicated in the AIEC phenotype is necessary.
